For time projection chambers (TPCs) the accuracy in measurement of track coordinates along the pad row direction deteriorates with the drift distance (z):
Introduction
The spatial resolution of TPCs along the pad row direction is expressed as where N eff is the effective number of electrons. One may naively expect N eff to be the average number of drift electrons per pad row (N). In reality, however, N eff is significantly smaller than N [1] [2] [3] :
where R is the reduction factor (> 1).
In what follows an attempt is made to estimate N eff (or equivalently, R) for a typical TPC operated in argon-based gases, by means of a numerical simulation. 1 In presence of axial magnetic field (B) the transverse diffusion constant is given by D T (B = 0)/ √ 1 + ω 2 τ 2 , where ω ≡ eB/m, the electron cyclotron frequency and τ is the mean free time of drift electrons. D T is related to the diffusion coefficient (D) thorough D 2 T = 2D/W , where W is the electron drift velocity.
Expectations
Let us assume:
• Readout pads are aligned along the x axis and charged particles traverse the drift volume of the TPC, in parallel with the readout plane (z = constant) and in perpendicular to the pad rows (x = constant = x 0 ).
• A charged particle leaves N electrons along its path, to be detected by a single pad row. The initial electron clusters are considered as point-like. The x coordinate of each electron then deviates from x 0 during the drift towards a detection gap 2 because of transverse diffusion. The standard deviation along the pad row direction at the entrance of the detection gap is denoted by σ x (≡ D T √ z) 3 .
• Each drift electron gets amplified in the detection gap and the charge (q) is collected by (induced on) the pads. The charge multiplication process (avalanche) of each electron develops independently of those initiated by other electrons and the fluctuation of avalanche size for the i-th electron (1 ≤ i ≤ N) is given by the Polya distribution [4] :
where q is the average charge and θ is a free parameter determining the shape of distribution.
• The width of the pads is small enough so that the center of gravity of charge distribution on the pads caused by the i-th electron be equal to its arrival position x i at the entrance of the detection gap.
• The "measured" x coordinate of the track (X) is defined as the charge centroid of the pad response, which is the superposition of the contribution from each of the drift electrons.
Under these assumptions and definitions the track coordinate measured with the pad row is given by a weighted mean of x i :
The expected spatial resolution is readily obtained as follows 4 .
The detection gap may be equipped with a multi-wire proportional chamber (MWPC) or a micro-pattern gas detector (MPGD), along with readout pads.
3 Let us ignore displacement of the coordinates caused by the E × B effect near the entrance of the detection gap and possible "quantization effects" on the coordinates due to finite granularity of amplifying elements in the case of MPGD readout.
4 From now on, both angle brackets and an over-line denote the average of the quantity in-between or beneath.
where the symbol · · · x (q) stands for the average taken over a variable (variables) x (q i ). Hereafter we
with f ≡ σ 2 q /q 2 , the relative variance of q. In fact, N is not a constant and fluctuates according to its probability density function P (N). The expected variance in this case is given by
where
It is worth noting that one needs to evaluate N −1 instead of N for the estimation of N eff . The reduction factor (R) is a product of statistically independent quantities:
The relative variance of Polya distribution is given by f = 1/(1 + θ). If we assume θ = 0.5, the frequently used value in wire-chamber simulations, f = 2/3, yielding ∼ 1.67 for R q 5 . It should be noted, however, that Q ≡ N i=1 q i has been assumed to be constant for a given number N. The validity of this approximation is checked by a numerical simulation (see the next section). As for the estimation of R N we rely totally on the simulation.
Numerical simulation

Assumptions
The simulation was carried out taking into account the following:
Primary ionization statistics (Poissonian)
The mean number of primary ionization acts per pad row (N P ) is assumed to be N CL × 0.63 cm × 1.2, where N CL is the average primary ionization density for minimum ionizing particles [cm −1 ], 0.63 cm is the pad row pitch ( > ∼ pad length) and the factor 1.2 takes account of the relativistic rise for 4 GeV/c pions (see, for example, fig. 8 of Ref. [5] ) 6 . We use 29.4 cm −1 [6] or 24.3 cm −1 [7] for the value of N CL in argon.
Cluster size distribution
We use the probability density listed in table 2 of Ref. [8] for argon (column (b)). This distribution, combined with the primary ionizaion statistics mentioned above, generates the probability density function P (N) in Eq. (1).
The standard normal distribution is chosen arbitrarily just for simplicity. This defines a dimensionless transverse distance scale.
Avalanche fluctuation
The Polya type with θ = 0.5. q is set arbitrarily to 1.
See Figs. 1-3 for the fundamental distributions. It should be noted that the chamber gas is assumed to be pure argon at NTP. Table 1 summarizes the results given by the simulation. See also Figs. 4-6 for the relevant distributions. The x coordinate of particle tracks (x 0 ) is arbitrarily chosen to be 0 in Fig. 4 . It should also be recalled that σ x is set to 1.0 in the simulation. The simulation results deserve several comments below: * We are not sure if the Polya distribution represents the fluctuation in the avalanche size correctly, especially in the case of (cascaded) GEM [9] or MicroMEGAS [10] . * Granting that the Polya type is an appropriate distribution, the value of parameter θ should depend on gas mixtures and also on the type of detection device: MWPC, GEMs or MicroMEGAS, and its operating high voltages.
Results
• In view of the contribution of diffusion to the spatial resolution it is advantageous to use a gas with a small diffusion constant (D T ), a large electron yield (∝ N), a high average primary ionization density (N CL ) and a small avalanche fluctuation (f ) 10 , as well as long mean free time (τ ) in presence of axial magnetic field. In this respect longer pads are also advantageous in the case of conventional TPCs with discrete pad rows since N P (as well as N ) is larger, giving a smaller R N 11 , but at the expense of a larger angular pad effect.
• An argument similar to that employed in section 2 is applicable also to the coordinate measurement in the drift direction by substituting Z, z i and σ z respectively for X, x i and σ x .
The presented method for estimation of the effective number of electrons can be applied for a given gas mixture and for a given amplifying and readout scheme including pad size if the relevant parameters are available.
